Diabetes mellitus (DM) is one of the most common metabolic diseases in the world 1 . There are many DM-induced complications such as retinopathy, nephropathy, peripheral neuropathy, and microvascular injury, which accounts for high mortality rates in diabetic patients [1] [2] [3] . Advanced glycation end-products (AGEs) resulting from hyperglycemia are reactive derivatives formed by the Maillard reaction or during oxidation of lipids and nucleic acids. AGEs are known to be an important factor in diabetes-induced complications 4,5 . AGEs have been found to induce the pancreatic islet endothelial cell apoptosis and skeletal muscle atrophy 2,4 . Singh et al. also suggested that AGEs play an important role in diabetic nephropathy 6 . In particular, diabetic nephropathy is one of the DM-induced complications, which results in high mortality rates. 25-40% of diabetic patients develop diabetic nephropathy within 20-25 years after the onset of diabetes and over 20% of those diabetic nephropathy patients develop end-stage renal disease in the next 10-20 years 1,7-9 . The pathological changes of diabetic nephropathy include glomerular hyperfiltration, mesangial matrix expansion, and glomerular and tubular hypertrophy. There is a high chance that diabetic nephropathy progresses to glomerular sclerosis and renal fibrosis, which cause
Scientific RepoRts | 6:34167 | DOI: 10.1038/srep34167 renal dysfunction [10] [11] [12] . Mesangial cells are known to play an important role in diabetic nephropathy progression. Mesangial cells are responsible for modulating glomerular filtration and phagocytosing apoptotic cells and maintaining the structure of glomerular capillary as well as mesangial matrix homeostasis in the kidney 13 . In diabetic nephropathy patients, mesangial matrix expansion, which could cause by AGEs or other diabetic nephropathy injury factors, is one of important mechanism for kidney dysfunction 14, 15 . Furthermore, mesangial cell apoptosis induced by AGEs or high glucose was another important mechanism in diabetic nephropathy-induced albuminuria and renal dysfunction 13, 16, 17 . High glucose can induce oxidative stress and intrinsic proapoptotic pathway in mesangial cells 18, 19 . AGEs also evoked apoptosis in both mouse and human mesangial cells 20, 21 . Although the secretions of vascular endothelial growth factor and monocyte chemotactic protein 1 protein have been found to be associated with AGEs-induced mesangial cell apoptosis 20 , the mechanisms of mesangial cell apoptosis induced by AGEs are still unclear.
Endoplasmic reticulum (ER) stress and autophagy have known to be associated with many kinds of renal injuries. Protein synthesis, folding, and modification are major functions of ER in the cells. If ER functions are disturbed, unfolded proteins will accumulate in the cells and subsequently induce ER stress and an adaptive response -unfolded protein response (UPR) 22, 23 . UPR can protect cells under mild or short-term stress, but induces apoptosis if cells receive server or unrecoverable damage 22 . There are three major signaling pathways in UPR, including PKR-like ER kinase (PERK)-Eukaryotic initiation factor 2α (eIF2α ), activating transcription factor 6 (ATF6), and IRE-1. Three pathways can induce the expression of CCAAT/enhancer-binding protein (C/EBP) homologous protein (CHOP), which plays an important role in ER stress-induced apoptosis 24 . Previous study showed that CHOP expression enhanced cell apoptosis in renal ischemia reperfusion injury 25 . Xu Y et al. found that ER stress regulated transforming growth factor (TGF)-β -induced mesangial cell injury 26 . However, the role of ER stress in AGEs-induced mesangial cell apoptosis remains to be clarified. On the other hand, autophagy is another adaptive response in the cell under stress condition in which the double-membrane vacuoles (autophagosomes) are formed and delivered the cell contents to lysosome for degradation 27 . Several studies have also demonstrated that autophagy can prevent stress-induced apoptosis in the kidney [28] [29] [30] , and ER stress plays an important role in autophagy regulation 31, 32 . Therefore, we hypothesized that both ER stress and autophagy may be involved in the AGEs-induced mesangial cell apoptosis. In this study, we tried to clarify whether ER stress and autophagy are participated in AGEs-induced mesangial cell apoptosis and death.
Results
AGEs induced mesangial apoptosis in a dose dependent manner. Mesangial cells were treated with various concentrations of AGEs (10, 20, 40, 80 , and 160 μ g/ml) and BSA (160 μ g/ml) for 24 h to evaluate the cell viability. The cell viability significantly reduced in a dose-dependent manner after AGEs treatment as compared with normal control or BSA control (Fig. 1A) . To understand whether apoptosis involved in AGEs-reduced cell viability, annexin V/PI staining was used. The results showed that AGEs (40-160 μ g/ml) significantly induced apoptosis at in a dose-dependent manner (Fig. 1B) . Furthermore, AGEs significantly increased the cleavage of caspase-3 protein ( Fig. 2A) . AGEs also significantly increased the Bax protein expression at the concentrations of 40-160 μ g/ml, but decreased the Bcl-2 protein expression at the concentration of 160 μ g/ml (Fig. 2B) . These results show that AGEs induce mesangial cell apoptosis in a dose-dependent manner. (10, 20, 40 , 80 and 160 μ g/ml) for 24 h. BSA (160 μ g/ml) was used as a negative control. The cell viability was evaluated by MTT assay (A). For apoptosis evaluation, cells were stained with Annexin V and PI after treated with AGEs. Cells were treated with 3% formaldehyde for 30 minutes as a positive control (PC). Percentages of apoptotic cells were determined by flow cytometry (B). Data are presented as mean ± SEM of three independent experiments performed in triplicates. *P < 0.05 as compared to control group. # P < 0.05 as compared to BSA-treated group.
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AGEs induced ER stress and autophagy in both dose and time-dependent manners. To understand whether ER stress involved in AGEs-induced mesangial cell apoptosis, ER stress-related proteins were detected by Western blots. Mesangial cells were treated with various concentrations of AGEs (20, 40, 80 , and 160 μ g/ml) and BSA (160 μ g/ml) for 24 h. AGEs significantly upregulated the protein expressions of GRP78, ATF4, and CHOP and phosphorylation of eIF2α in a dose-dependent manner (Fig. 3) . AGEs also increased the phosphorylations of eIF2α and c-Jun N-terminal kinase (JNK) and the protein expressions of GRP78, IRE-1α , and CHOP in a time dependent manner (Fig. 4) . These results indicate that AGEs induced ER stress in mesangial cells, which may participate in AGEs-induced mesangial cell apoptosis.
Autophagy is also an important mechanism involved in different renal injuries. AGEs significantly increased LC3 cleavage (LC3-II/LC3-I ratio) and autophagy-related gene 5 (Atg5) protein expression in mesangial cells in a dose-and time-dependent manner (Figs 5 and 6A). The protein expression of beclin1 was not affected by AGEs treatment (Fig. 5 ). The p62 protein, which is one of downstream signals of autophagy, was also decreased after AGEs treatment in a dose-and time-dependent manner (Figs 5 and 6A). Furthermore, the time course of Figure 2 . Effects of AGEs on apoptosis-related protein expressions. Cells were treated with AGEs (20-160 μ g/ml) for 24 h. BSA (160 μ g/ml) was used as a negative control. The cleavage of caspase-3 (A) and the protein expressions of Bax and Bcl-2 (B) were determined by Western blot. Data are presented as mean ± SEM of three independent experiments performed in duplicates. *P < 0.05 as compared to control group. # P < 0.05 as compared to BSA-treated group.
Figure 3. Effects of AGEs on ER stress-related protein expressions.
Cells were treated with AGEs (20-160 μ g/ml) for 24 h. BSA (160 μ g/ml) was used as a negative control. The protein expressions of GRP78, phospho-eIF2α , ATF4, and CHOP were determined by Western blot. Data are presented as mean ± SEM of three independent experiments performed in duplicates. *P < 0.05 as compared to control group. caspase-3 activation was similar with the expression of ER stress and autophagy-related proteins after AGEs treatment (Fig. 6B ). These results suggest that AGEs accumulation in mesangial cells induces autophagy activity.
4-Phenylbutyric acid (4PBA) reversed AGEs-induced ER stress and apoptotic response in mesangial cells.
4PBA is a potent ER stress inhibitor, which can attenuate ER stress-induced cell injury 33, 34 . We tried to use 4PBA to inhibit AGEs-induced ER stress and figure out the role of ER stress in AGEs-induced mesangial cell apoptosis. Mesangial cells were treated with AGEs (160 μ g/ml) with or without 4PBA (1 mM) for 24 h. Co-treatment with 4PBA significantly reversed AGEs-induced CHOP protein expression and eIF2α Figure 4 . Effects of AGEs on ER stress-related proteins at various time points. Cells were treated with AGEs (160 μ g/ml) for 3, 6, 12, and 24 h. BSA (160 μ g/ml) was used as a negative control. The protein expressions of GRP78, IRE-1α , phospho-eIF2α , phospho-JNK, and CHOP were determined by Western blot. Data are presented as mean ± SEM of three independent experiments performed in duplicates. *P < 0.05 as compared to control group. # P < 0.05 as compared to BSA-treated group. for 24 h. BSA (160 μ g/ml) was used as a negative control. The cleavage of LC3 and the protein expressions of Atg 5, beclin 1, and p62 were determined by Western blot. Data are presented as mean ± SEM of three independent experiments performed in duplicates. *P < 0.05 as compared to BSA-treated group.
phosphorylation and caspase-3 cleavage (Fig. 7Aa) . Annexin V/PI staining also showed that 4PBA significantly reduced the percentage of AGEs-induced apoptotic mesangial cells (Fig. 7B) . Moreover, co-treatment with 4PBA significantly reversed AGEs-induced LC3 cleavage (decrease of LC3-II/LC3-I ratio) and p62 protein degradation (Fig. 7Aa) . 4PBA by itself did not affect the rapamycin-induced autophagy in mesangial cells (Fig. 7Ab) . These results indicate that AGEs may induce caspase-3 activation and apoptosis and autophagy through an eIF2α / CHOP signaling pathway.
Inhibition of Atg5 expression aggravated AGEs-induced injury in mesangial cells. To clarify
the role of autophagy in AGEs-induced mesangial cell apoptosis, cells were transfected with scramble or Atg5 siRNA for 6 h before AGEs treatment. Transfection with Atg5 siRNA (MSS247019) significantly reduced Atg5 protein expression and LC3 cleavage and p62 protein degradation (Fig. 8Aa) . To confirm the effect of Atg5 knockdown, a single Atg5 siRNA (MSS247020) and a mixture of three Atg5 siRNAs (MSS247019, MSS247020, and MSS247021) were used. As shown in Fig. 8Ab , Atg5 siRNAs (MSS247020 and mixture) could also reduce Atg5 protein expression and LC3 cleavage and p62 protein degradation. These results indicate that Atg5 siRNA transfection inhibits AGEs-induced autophagy. Moreover, the AGEs-induced cleavage of caspase-3 was significantly enhanced by Atg5 siRNAs transfection (Fig. 8Aa,b) . Similarly, transfection of Atg5 siRNAs significantly enhanced AGEs-induced cell apoptosis (Fig. 8Ba,b) . These results may not due to the off-target effect of the Atg5 knockdown. However, transfection of Atg5 siRNA did not alter the protein expression of CHOP and the phosprylation of eIF2α in AGEs-treated mesangial cells (Fig. 8Aa) . These results suggest that autophagy may play a protective role in AGEs-induced mesangial cell apoptosis. ER stress is capable of interfering with the function of autophagy in mesangial cells.
Discussion
In this study, we found that AGEs induced renal glomerular mesangial cell apoptosis and death. We further found that both ER stress and autophagy were involved in AGEs-induced mesangial cells apoptosis. Inhibition of ER stress by 4PBA decreased eIF2α phosphorylation, CHOP protein expression, and cell apoptosis in AGEs-treated mesangial cells. Inhibition of autophagy by Atg5 siRNA transfection decreased Atg5 protein expression, LC3 cleavage, and p62 degradation, but aggravated cell apoptosis in AGEs-treated mesangial cells. Furthermore, ER stress inhibition could reduce the autophagy response, but autophagy inhibition did not affect ER stress activation. These results suggest that ER stress is the upstream regulator of autophagy in mesangial cells exposed to AGEs, and autophagy may play a protective role in AGEs-induced mesangial cell apoptosis. The studies have shown that the serum levels of AGEs are significantly increased in the diabetic patients versus the control subjects: type 1 DM, 6.6 (5.1-9.9) vs. 5.5 (3.7-8.2) U/ml 35 ; type 2 DM, 7.4 (4.4-10.9) vs. 4.2 (1.6-6.4) U/ml (1 AGE unit = 1 μ g/mL AGE-BSA standard) 36 . The blood AGEs levels were also increased in the diabetic mouse models: control mice, 3-6 μ g/ml; streptozotocin-induced diabetic mice, 65-75 μ g/ml; high-fat, high-fructose-induced diabetic mice, 10-15 μ g/ml 37 ; db/db diabetic mice, 50-60 μ g/ml 38 . AGEs have been reported to decrease cell viability and induce apoptosis in various cell types. Yamagishi et al. observed that AGEs (AGE-BSA) at 100 μ g/ml reduced the viable cell numbers of retinal pericytes and induced apoptotic cell death in Figure 6 . Effects of AGEs on autophagy and apoptosis at various time points. Cells were treated with AGEs (160 μ g/ml) for 3, 6, 12, and 24 h. BSA (160 μ g/ml) was used as a negative control. The protein expressions of LC3, p62, Atg5, and CHOP (A) and caspase-3 (B) were determined by Western blot. Data are presented as mean ± SEM of three independent experiments performed in duplicates. *P < 0.05 as compared to control group.
# P < 0.05 as compared to BSA-treated group.
pericytes at 250 μ g/ml 39 . Lan et al. also found that AGEs (AGE-BSA, 25-200 μ g/ml) induced apoptosis in pancreatic islet endothelial cells 2 . Mahali et al. have demonstrated that AGEs [AGE-human serum albumin (HSA)] at 100 μ g/ml induced apoptosis in some cancer cell lines 40 . Geoffroy et al. have shown that AGEs (AGE-BSA) at concentrations of < 1 μ M increase the rat mesangial cell proliferation, whereas AGEs at concentrations of > 10 μ M markedly inhibit the mesangial cell proliferation 41 . It has also been found that the concentrations of AGEs (AGE-BSA) at 10-50 μ g/ml effectively reduced the mouse mesangial cell viability 38 . Yamabe et al. found that intracellular AGEs accumulation induced by AGE precursor (500 and 1000 μ M glycolaldehyde) caused apoptosis and induced ER stress in chondrocytes 42 . In the present study, we found that 40-160 μ g/ml AGEs (AGE-BSA) significantly reduced mesangial cell viability and induced mesangial cell apoptosis. Therefore, the concentrations of AGEs used in this study are reasonable and effectively induce mesangial cell injury.
The present study showed that AGEs induced mesangial cell apoptosis; however, some studies showed that AGEs induced cell proliferation and hypertrophy. Matrix accumulation induced by mesangial cell hypertrophy is already known also an important mechanism in diabetic nephropathy 13, 43 . It is unclear that why there are two opposite responses in mesangial cells under hyperglycemia condition. Induction of inflammatory response may be one of important reasons that cause AGEs-induced mesangial cells apoptosis 13 . Meek et al. found that high level of AGEs induced strong inflammation response through the receptor for AGEs and subsequently induced apoptosis in mesangial cells and podocytes 21 . Furthermore, several studies have shown that ER stress possesses the ability to initiate the reactive oxygen species (ROS) cascades 25, 44, 45 . ROS is the most important mechanism for inflammatory response induction in cells 46 . In this study, we found that AGEs markedly induced ER stress and apoptosis in mesangial cells. It is possible that AGEs induce inflammatory response through ER stress-initiated ROS cascades and subsequently increase mesangial cells apoptosis. However, this hypothesis needs to be proved in the future.
Autophagy is a complicated response regulated by cellular nutrient and stress conditions. To adapt environment, autophagy by which plays a protective role or a harmful role depends on different situations. However, the mechanisms in which cells how to decide the role of autophagy were not totally understood. A previous study showed that AGEs induced autophagy through a RAGE/PI3K/AKT/mTOR signaling pathway in cardiomyocytes, which decreased the cell viability in a dose-dependent manner 47 . Autophagy induced by cadmium also impaired the viability of mesangial cells 48 . Atg5 is known to be a gene product required for autophagosome formation. Atg5 cleavage induced by death stimuli has been shown to trigger mitochondria-mediated apoptosis 49 . Leng et al. have found that Atg5, but not beclin1, plays a role in ursolic acid-induced autophagic cell death in cervical cancer cells 50 . Nevertheless, autophagy can play the protective roles in osteoblastic cells and podocytes under hyperglycemia circumstance 51, 52 . Atg5-dependent autophagy has also been found to act the protective effect in paraquat and MPP + -induced apoptotic dopaminergic cell death 53 . In the present study, we found that AGEs activated autophagy by ER stress induction in mesangial cells. ER stress inhibition by 4PBA significantly reversed AGEs-induced autophagy, but autophagy inhibition did not influence the AGEs-induced ER stress-related signals. Inhibition of autophagy by Atg5 knockdown could significantly enhance the cytotoxic effect of AGEs on mesangial cells. These results suggest that Atg5-dependent autophagy plays a protective role in AGEs-induced mesangial cell injury.
In conclusion, this study provides evidence to suggest that AGEs induce mesangial cell apoptosis through ER stress induction. Moreover, Atg5-dependent autophagy activated by ER stress plays a protective role in AGEs-induced mesangial cell injury. These findings may offer a new strategy against AGEs toxicity in the kidney. These findings are provocative and deserve further animal study in the future.
Methods
Cell culture. Murine glomerular mesangial cell line (SV40 MES13) was purchased from the Bioresource Collection and Research Center (Hsinchu, Taiwan). Cells were cultured in 3:1 mixture of Dulbecco's modified Eagle's medium and Ham's F12 medium contained 5% fetal bovine serum, 14 mM HEPES, 100 U/ml penicillin, and 0.1 mg/ml streptomycin at 37 °C in 5% CO 2 . AGEs (AGE-BSA) were prepared as previously described 4 . The purity of AGEs was determined by liquid chromatography.
Cell viability assay. Cells were cultured in 24-well plates one day before AGEs treatment. For cell viability evaluation, cells were treated with 0, 10, 20, 40, 80, and 160 μ g/ml AGEs for 24 h. BSA (160 μ g/ml) treatment was as a negative control for AGEs-induced cytotoxicity. Medium was replaced with PBS contained 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, MO, USA) 24 h after AGEs treatment. The yellow tetrazolium is reduced by mitochondrial succinate dehydrogenase and purple formazan crystal is form in living cells. After 2 h incubation, MTT solution was replaced with dimethyl sulfoxide and then the plates were incubated at room temperature for 30 min with constant agitation to dissolve purple formazan crystal. The absorbance at 570 nm was detected by SpectraMax 190 spectrophotometer (Molecular Devices, Sunnyvale, CA), and the cell viability was calculated. Immunoblotting analysis. After AGEs treatment, cells were washed with PBS twice and then lysed with RIPA buffer contained proteinase inhibitor (1 mM NaF, 1 mM phenylmethanesulfonylfluoride, 1 μ g/ml aprotinin and 1 μ g/ml leupeptin) on ice for 30 min. The cell lysates were collected and centrifuged at 13,000 rpm for 30 min at 4 °C. The supernatants were collected. The total proteins were denatured by sodium dodecyl sulfate (SDS) sampling buffer and boiled in water for 5 min. SDS polyacrylamide gel electrophoresis (6-15%) was used to separate the total protein samples. The proteins were then transferred from gel to polyvinyl difluoride membrane (Merck Millipore, Billerica, MA, USA). Membranes were blocked by Tris-buffered saline contained 0.1% Tween-20 (TBST) and 5% nonfat milk, and then immersed in sequence of TBST buffer contained primary antibodies for capspase-3, CHOP, phospho-eIF2α , LC3, Atg5, beclin1, and p62 (1:1000; Cell Signaling Technology, Danvers, MA), and secondary horseradish peroxidase antibody (Santa Cruz Biotechnology, San Diego, CA). Finally, signals were detected by Clarity ECL western blotting substrate (BIO-RAD).
Atg5 siRNA transfection. Small interfering RNA (siRNA) against Atg5 (Stealth Atg5-siRNA; MSS247019, MSS247020, and MSS247021) and negative control siRNA (Stealth RNAi Negative Control kit; 12935110) were purchased from Invitrogen (Carlsbad, CA, USA). Cells were seeded in 6-well plates one day before experiments. The growth medium was replaced with 800 μ l OPTI-MEM medium (Invitrogen) before siRNA transfection. OPTI-MEM medium (200 μ l) contained siLentFect Lipid (BIO-RAD, Philadelphia, PA) and 80 nM Atg5 siRNA or negative siRNA was added to each well. After 6 h of transfection, OPTI-MEM medium was replaced with 1 ml growth medium.
Statistics. Data are presented as mean ± SEM for at least three independent experiments. The whole procedure of cellular experiment was repeated at least three separate times with different cell samples. Each repetition was performed in multiple replicates. The significant difference from the respective controls for each experimental test condition was assessed by one-way analysis of variance (ANOVA) followed by post hoc analysis with Bonferroni's test. A value of P < 0.05 was considered statistically significant.
